Abstract. Radial artery (RA) is increasingly used as graft for coronary artery bypass grafting due to its good long-term patency. However, the mechanism of peri-and post-operative spasm is still unclear. Because of that, the aim of our study is to analyze the contractility of RA and to determine whether the presence of functional endothelium alters its contractile properties. Contractions of isolated RA rings were provoked by exogenously applied vasoconstrictors or by electrical field stimulation (EFS, 20 Hz). The order of vasoconstrictors potency based on their EC 50 values was as follows: angiotensin II > phenylephrine > 5-hydroxytriptamine. Presence of endothelium increased both EC 50 and maximal contraction to phenylephrine and angiotensin II, but inhibited reactivity of RA to 5-hydroxytriptamine. Spontaneous rhythmic contractions (SRC, <4 mHz) and EFS-induced contractions of RA are endothelium-independent and weaker than contractions induced by exogenously applied vasoconstrictors. Our study concludes that RA shows marked sensitivity and reactivity to angiotensin II, phenylephrine, and 5-hydroxytriptamine. Further investigations are necessary to answer why angiotensin II and phenylepehrine induce stronger contractions in the presence of endothelium. In addition, SRC as well as contractions of neurogenic origin may take part in developing vascular spasm of RA.
Introduction
The radial artery (RA) is being used as a conduit for coronary artery bypass grafting (CABG) and is rapidly becoming the arterial graft of second choice, after the internal thoracic artery (ITA), because of easy dissection and handling and because of minor harvesting complications, which do not hinder forearm blood flow. The recent evidence regarding 5-year patency rates (80% -85%) supports the use of the RA as the second arterial graft, after the ITA (1) . It was also shown that aortaanastomosed radial artery grafts undergo a progressive increase in luminal diameter with time, which enables maintenance of adequate blood flow (2) . However, the early use of RA for CABG was associated with a high incidence (35%) of vasospasm during harvesting and after the graft is connected (3) . The mechanism of graft spasm is still unclear. The selection of the best pharmacological agent to prevent or reverse vasospasm in a graft requires better understanding of the regulation of vascular graft function.
There are basically two types of vasoconstrictors that are important spasmogens in arterial grafts. Type I (endothelin-1, tromboxane A 2 , prostaglandin F 2a , and α 1 -adrenceptor agonists) are the most potent and strongest vasoconstrictors (4) . They cause marked contraction of arterial grafts even when endothelium is intact. Recently, it has been shown that the RA is more reactive than ITA to KCl, norepinephrine, 5-hydroxytriptamine (5-HT), angiotensin II (AT II), and endothelin-1 (5) . Data concerning the endothelial function of ITA and RA are conflicting. Chester et al. (6) suggested that endothelial function of RA is similar to the ITA. On the other hand, He (7) has shown differences in both basal and stimulated production of nitric oxide (NO) in this graft. However, the influence of intact endothelium on the response of RA to various vasoconstrictors is not very well documented.
Type II vasoconstrictors, such as 5-HT, only induce a weak vasoconstriction when endothelium is intact, but those vasoconstrictors probably play an important role in vasoconstriction of arterial grafts when surgical handling removes endothelium. It is well established that the endothelium of a bypass graft can be damaged due to blunt surgical trauma, stretching, prolonged ex vivo preservation, and storage conditions (8) . The study of Lamm et al. has shown that the conventional harvest technique and storage of human saphenous vein graft in crystalloid solution may damage up to 50% of the endothelium, determined by electron microscopy (9) . Thus, it is of great importance to investigate the contractility of RA in a model without endothelium.
Previously, we have shown that electrical field stimulation (EFS, 20 Hz) produced strong contraction of ITA and human saphenous vein by stimulation of neurotransmitter release from perivascular nerve endings (10) . Theoretically neurogenic contractions may take part in developing vascular spasm of RA.
Spontaneous rhythmic contractions (SRC) are physiological characteristics of many blood vessels and may play a role in blood flow and turbulence (11 -13) . This phenomenon was previously described in human RA, and it concerned fluctuation of blood flow through RA (14) . The rate of incidence of SRC as well as their magnitude becomes significantly enhanced during abnormal conditions associated with low blood pressure and hypoperfusion (15) . Previously it has been shown that the presence of SRC potentiates the norepinephrineand KCl-induced contractions of various blood vessels (16) . Having in mind that elevated plasma levels of various vasoconstrictors as well as hypoperfusion have been found during CABG, it is important to characterize the SRC of isolated human RA.
The aim of this study was to analyze the contractility of RA and to determine whether the presence of intact endothelium alters its contractile properties.
Materials and Methos
All patients gave their informed consent for excision of remaining tissue and The Ethical Committee of Institute for Cardiovascular Diseases "Dedinje" approved the experimental protocol. Remaining segments of left RA (n = 34) were taken from male patients suffering from coronary artery disease during CABG. Only arteries without macroscopic evidence of atherosclerosis were used. Therapy with calcium antagonists and long-acting nitrates was ceased in all patients 48 h prior to surgical intervention. No operative mortality and cardiac morbidity was revealed in these patients. The vessel segments were taken within 10 min after clamping blood flow, placed in cold (4°C) Krebs-Ringerbicarbonate solution (120 mmol / l NaCl, 5 mmol / l KCl, 2.5 mmol / l CaCl 2 , 1.2 mmol / l MgSO 4 , 25 mmol / l NaHCO 3 , 1.2 mmol / l KH 2 PO 4 , 11 mmol / l glucose, 0.032 mmol / l Na 2 EDTA) and taken to the lab immediately.
Artery segment preparations
The artery segments were dissected from connective tissue and cut into 3-mm rings. Two rings were obtained from each artery segment and experiments were conducted in pairs with and without endothelium. Endothelium was removed mechanically by rubbing with a steel wire (17) . Vessels rings were mounted on two stainless steel wires in a 10-ml organ bath with Krebs-Ringer-bicarbonate solution (37°C, pH 7.4) aerated with 95% O 2 and 5% CO 2 . One of the wire hooks was connected to a transducer (F30; Hugo Sachs, Freiburg, Germany), amplifier (301, Hugo Sachs), and recording system (R60; Rikadenki, Tokyo) that recorded changes in isometric tension. The other wire hook was attached to displacement unit allowing fine adjustments of passive tension.
The preparations were equilibrated for 60 min and washed every 15 min with fresh buffer during this period. All vessels were then gradually passively stretched to an optimal resting tension, determined by the method previously described by our group (10, 18) .
Experimental procedure
After 15 min of equilibration, presence of functional endothelium was assessed. Rings were precontracted with phenylephrine (PH, 10 µM) and acetylcholine (20 µM) was added to the organ bath. If the maximal relaxant effect was more than 80% of the initial contraction, we considered functional endothelium to be present.
Vessel rings were exposed to increasing halflogarithmic molar concentrations of phenylephrine (0.1 -300 µM), 5-HT (0.01 -100 µM), and AT II (0.1 -300 nM). Subsequent concentration of vasoconstrictor agent was added after a stable plateau was reached or after 10 min if no effect was obtained. Each ring of artery was exposed to a single vasoconstrictor. The experiments were conducted in two groups of rings: with and without endothelium.
In order to investigate neurogenic contractions of the RA model, EFS was used (10) . Intramural nerves were stimulated using two platinum wire electrodes. The repetitive transmural EFS was carried out at 20 Hz with square wave pulses of 0.3-ms duration and supramaximal voltage. Trains of pulses of 3-s duration were delivered from a Grass S44 electronic stimulator at 2-min intervals (10, 19) . The preparations were allowed to stabilize for at least 30 min until twitch responses became consistent before their amplitude was measured. The confirmation that EFS-induced contractions are mediated by neurotransmitter release from sympathetic nerves was obtained by addition of tetrodotoxin (1 µM) or phentolamine (1 µM) into the bathing solution at 20 min before applying EFS.
SRC were noted in 21% of RA both with and without endothelium (14 of 68) and was characterized by amplitude (g) and frequency (mHz). These characteristics were measured after they have reached stable values. The frequency was calculated as number of cycles in a 30-min period of time. No further investigations of vasoreactivity were conducted on these rings.
Data and statistical analyses
The results are expressed as the mean ± S.E.M.; n refers to the number of experiments. Developed tension is expressed in absolute values (g). The least squares method was used for calculating linear regression. The concentration of vasoconstrictor agent producing 50% of the maximum response (EC 50 ) was determined graphically for each curve by linear interpolation. The EC 50 values are presented as pEC 50 (−log EC 50 ). Statistical difference between means was determined by oneway ANOVA and Student's t-test; a value of P<0.05 was considered statistically significant.
"Sensitivity" is used throughout this article to describe the location of the concentration-contraction curve and is measured by the EC 50 value. "Reactivity" (E max ) describes the range of responses and is measured as the maximal developed tension (g).
Drugs
The following drugs were used: (R)-(−)-phenylephrine hydrochloride, serotonin creatinine sulfate complex, [Asn 1 , Val 5 ]-angiotensin II, tetrodotoxin, and phentolamine (Sigma-Aldrich, Inc., St. Louis, MO, USA). All drugs were dissolved in distilled water. All drugs were added directly to the bath in a volume of 100 µM and the concentrations given are the calculated final concentrations in the bath solution.
Results
Comparative study of vasoconstrictor effects of PH, 5-HT, and AT II in RA with and without endothelium Sensitivity (EC 50 ) of RA with endothelium to AT II (3.2 ± 0.9 nM, n = 6) was greater (P<0.01) compared to PH (2.2 ± 0.9 µM, n = 7) and 5-HT (2.3 ± 0.7 µM, n = 6). E max obtained with AT II (3.9 ± 0.3 g) was greater (P<0.01) compared to PH (1.1 ± 0.1 g) and 5-HT (0.7 ± 0.1 g). The difference of E max obtained with PH and 5-HT was statistically significant (P<0.05) (Fig. 1A , Table 1 ).
The order of potency (EC 50 ) of these vasoconstrictor agents in RA without endothelium was as follows: AT II > 5-HT>PH (19.7 ± 4.9 nM > 0.4 ± 0.1 µM > 9.1 ± 1.2 µM, P<0.01). E max was greater with AT II compared to PH and 5-HT (3.4 ± 0.2 g vs 0.9 ± 0.1 g and 0.8 ± 0.1 g, respectively; P<0.01, both), but there was no difference between E max to PH and 5-HT (Fig. 1B , Table 1 ).
The sensitivity and reactivity of RA to PH and AT II were greater (P<0.05 both) in rings with endothelium compared to those without endothelium (Table 1) . Conversely, the sensitivity of RA to 5-HT was greater in rings without endothelium compared to those with endothelium (P<0.05). There was no statistically significant difference in reactivity between those two groups ( Table 1) .
Effects of tetrodotoxin and α-adrenoceptor blockade on EFS induced contractions
Tetrodotoxin (1 µM) completely abolished the EFS evoked contractions of RA (n = 4). Phentolamine (1 µM) reduced the EFS evoked contractions of RA (85 ± 3%, n = 4). Data were not shown. Figure 2A represents original recording of EFS evoked contractions of RA without endothelium. There was no statistically significant difference in amplitude of EFS evoked contractions between rings of RA with and without endothelium (0.57 ± 0.05 g vs 0.54 ± 0.04 g, n = 4) (data were not shown). According to E max , EFS evoked contractions were significantly weaker than contractions elicited by PH, AT II, and 5-HT (P<0.01, all).
Characteristics of EFS evoked contractions of RA

Characteristics of SRC of RA
RA both with and without endothelium showed SRC that was characterized by frequency (mHz) and amplitude (g). The original recording of SRC in RA is shown in Fig. 2B . In rings with and without endothelium, there was no statistically significant difference in amplitude of SRC (0.6 ± 0.1 g vs 0.7 ± 0.1 g, respectively) and frequency (3.34 ± 0.70 mHz vs 3.94 ± 0.47 mHz, n = 7) (data were not shown). Also there was no difference (P>0.05) compared to amplitude of EFSevoked contractions. Characteristics of SRC were measured after they have reached stable values and are expressed as mean values in a 30-min period of time.
Discussion
The plasma level of AT II is elevated during and after CABG and is presumed to be one of factors responsible for vascular spasm of bypass grafts and postoperative hypertension (20) . Our data confirm the previous findings that AT II is the most potent vasoconstrictor that strongly constricts arteries, even when endothelium of the blood vessel is intact (6) . Reactivity to this agent was more that 3 times higher and sensitivity was more than 1000 times greater than to PH or 5-HT. Interestingly, we have demonstrated higher sensitivity and reactivity to AT II in rings with endothelium. Theoretically this could be explained by predominant activation of endothelial AT 1 receptors and possible potentiation of contraction by released endothelin-1. Indeed, autoradiography studies of AT II binding sites in the wall of RA demonstrated presence of AT 1 receptors (21). Sensitivity and reactivity of RA to AT II are consistent with results reported previously (22, 23) . It was also shown that RA produced significantly greater maximal contraction in response to AT II when compared to ITA (21) . A possible explanation may lie in increased activity of the local renin-angiotensin system. Increased local ACE activity was noted in saphenous vein compared to ITA (24) , which suggests that the renin angiotensin system could be associated with bypass graft failure. Previously it has been shown that two enzymes responsible for generation of AT II, angiotensin-converting enzyme (ACE) and chymase, were localized in the wall of RA and ITA (21) . This issue needs further investigation since it could have strong clinical implications. The fact that endogenous levels of catecholamines during and after the first 24 h of cardiopulmonary bypass (CABG) are increased 3-to 4-times compared to normal emphasizes the necessity for investigation of function of the α 1 receptor in human RA (25, 26) . It is also established that muscular arteries have more pronounced vasoconstrictive response to α-adrenergic receptor agonists than the elastic arteries (27) . PH was used because it was shown in previous studies that predominant adrenoreceptors in human RA are α 1 and to lesser extent, α 2 (28). Sensitivity and reactivity of RA to PH obtained in our study are in good agreement with the results of Hamilton et al. (29) and Cikirikcioglu et al. (30) . Greater sensitivity and reactivity to PH in RA rings with intact endothelium could be explained by activation of endothelial α 1 receptors and increased release of endothelin-1 which contributes to contraction mediated by α 1 receptors in smooth muscle cells. In addition to this, experimental data from rabbit resistance arteries have shown that contraction following α 1 -adrenergic activation is partly endothelium-dependent, comprising increased release of endothelin-1 and possibly decreased release of NO (31) . Also in vivo experiments in dogs have confirmed that comparable doses of PH reduce coronary blood flow by increasing endothelin release (32) . Released endothelin could contribute to contraction through activating ET A receptors on smooth muscle cells of RA (33) .
Sensitivity of RA to 5-HT was comparable with data obtained by other authors (24, 30, 34) . Reactivity to 5-HT was lower than in the study of Cikirikcioglu et al. (30) where authors prepared this blood vessel in other way using a harmonic scalpel. In contrast to the results obtained with PH and AT II, here we have shown that presence of intact endothelium decreased sensitivity of RA to 5-HT. This finding is consistent with the fact that 5-HT can cause both vasoconstriction and vasodilatation. Recently, it has been shown that 5-HT produced vasoconstriction of human mesenteric and occipital arteries via activation of 5-HT 1B / 1D receptors on smooth muscle cells (35, 36) . The vasorelaxant effect of 5-HT in human coronary artery is mediated through release of NO following activation of 5-HT 1B and 5-HT 2B receptors on endothelial cells (37) . However, there are no studies of functional 5-HT receptor subtypes present in human RA, so we can only speculate that these most common types are involved in vascular effects of 5-HT in this blood vessel as well.
It is now well established that EFS (20 Hz) of perivascular nerve terminals on isolated blood vessels releases neurotransmitters (noradrenalin) and co-transmitters (adenosine 5'-triphosphate, neuropeptide Y, and vasoactive intestinal peptide) (38, 39) . To validate the effect of transmural EFS on the isolated blood vessels, we applied tetradotoxine in 1-µM concentration that selectively paralyzes nerve endings (40) . The confirmation of the neurogenic nature of the contraction induced by EFS in our experiments was obtained by 100% inhibition of the EFS-induced contraction of the RA by tetrodotoxine. In order to further define the site of action / mechanisms / by which EFS induces contraction of RA, we used phentolamine. A significant reduction of EFS-induced contraction by phentolamine (85%) indicates that noradrenaline released from perivascular sympathetic nerve endings of vascular preparations acts on vascular, postjunctional α-adrenoceptors. The reactivity of RA (0.5 g) was significantly lower than reactivity to exogenously applied noradrenaline previously reported (2 g, Chamiot-Clerc et al.) (41) or reactivity to PH reported here (1 or 2 g). Having in mind that 15% of EFS-contraction was not blockable by fentolamine, it seems that EFS released co-transmitters that affected contraction produced by neurogenic noradrenaline. EFS-induced contractions were not endothelium dependent, indicating their smooth muscle origin.
There were no difference in both amplitude and frequency of SRC in RA with and without endothelium. Previous studies have shown that this phenomenon is not endothelium-dependent (42, 43) and our findings support this view. In humans, SRC was described in coronary arteries (44) , small omental arteries (45) , pial arteries (46) , and placental vessels (47) . This phenomenon was previously described in human RA; it concerned fluctuation of blood flow through RA. Frequency of SRC in our study belonged to the very low-frequency band (3 -4 mHz), which is though to be intrinsic vasomotor rhythmicity of myogenic origin controlled by local mechanisms (48) . The result that the amplitude of SRC was significantly lower than amplitude of contractions evoked by various vasocontrictors or EFS and the fact that the percent of RA rings (21%) that exhibited the SRC was relatively low indicates that SRC probably could not significantly influence vasoactivity of RA.
The present data show that radial artery graft demonstrates marked sensitivity and reactivity to exogenously applied vasocontrictors with the following order of potency AT II > PH > 5-HT. Further investigations are necessary to answer why AT II and phenylephrine provoke stronger contractions in the presence of endothelium. In addition, our results suggest that spontaneous rhythmic contractions as well as contractions of neurogenic origin may have a physiological role in the mechanism of onset of radial artery graft spasm. However, at this point it should be stressed that all the results presented here are obtained from organ bath studies and can not be directly extrapolated to the clinical practice without further evaluation.
